Introduction
Electrochemical microfluidic biosensing devices have been found to provide powerful platforms for desired biochemical and chemical analysis due to many advantages such as low reagent use, ease-of-fabrication, miniaturization, low reaction time, improved sensitivity, selectivity, and continuous monitoring of desired analytes.
1 Many materials such as glass, silicon, polymer materials and quartz have been used for fabrication of the desired microfluidic devices. Among the various polymeric materials, poly (dimethylsiloxane) (PDMS) and poly(methyl methacrylate) (PMMA) have been found to have great potential for large-scale fabrication due to excellent electrical/chemical resistivity. 2 Many microfluidic systems have recently been reported for many applications such as enzymatic analysis, immunoassays, 3 lab-on-achip, 4 DNA analysis and separation, 5 capillary electrophoresis, 6 etc. based on optical and electrochemical techniques. The electrochemical techniques are however found to provide accurate and sensitive information and are compatible with the microsystems. Self-assembled monolayers (SAMs) are formed by spontaneous organization of thiolated molecules on a desired metal surface whose varied composition, structure and properties can be varied rationally. Due to the inherent ordered arrangement at nanoscale, good electronic transport, controllable optical/electrical properties and availability of functional groups, SAMs have recently become very important for immobilization of desired biomolecules for biosensing and bioelectronics application. 7 Moreover, controlled immobilization of a desired biomolecule onto a SAM requires very small amounts with proper orientation and desired analytes can be easily detected via various transduction modes. 8 Besides this, SAMs can be utilized to prevent protein denaturation at an electrode surface for obtaining enhanced stability of biomolecules.
9 Many SAMs containing carboxy or amino groups have been used to immobilize proteins for biosensor application. Furthermore, the protonation-deprotonation behavior of the carboxylic acid terminated SAM is strongly influenced by the topography of the adsorbed surface.
10
The performance of a biosensor critically depends on the surface properties of a material, availability of functional groups, mode of enzyme immobilization and activity of an enzyme on the electrode surface. 11, 12 The modification of free terminal groups of thiolated SAMs with biomolecules using physical adsorption may result in denaturation and loss of activity of the desired biomolecules. However, binding of a biomolecule using a chemical activator arising due to the resultant covalent bond may lead to increased stability of a biosensor. The chemical modification of a SAM using an activator can be achieved by various crosslinkers like N-ethyl-N-(3-dimethylaminopropyl) carbodiimide/ N-hydroxysuccinimide (EDC/NHS), glutaraldehyde, glyoxal, dimethyl pimelimidate and sulfosuccinimidyl-2-(p-azidosalicylamido) ethyl-1,3 0 -dithiopropionate. 7 The majority of these crosslinkers act as a spacer between a biomolecule and the matrix that may affect sensitivity and the detection range of a sensor. EDC/ NHS has recently been employed for chemical modification of desired surfaces for biosensor fabrication. It has been found that EDC/NHS activated SAMs provide improved immobilization of biomolecules and biosensing characteristics since they provide direct linkage between the two molecules with no intervening linker or spacer. 13 Moreover, activation of -COOH group of We report results of the studies relating to co-immobilization of Urs-GLDH onto CDT-SAM to detect urea by the electrochemical technique using PDMS based microchannels. To the best of our knowledge this is the first report on SAM based microfluidic biosensor for urea detection.
Results and discussions
The Fourier Transform Infrared (FTIR) spectra ( The surface topology of the CDT/Au electrode (image a) and the Urs-GLDH/CDT/Au electrode (image b) has been investigated using atomic force microscopy (AFM) (Fig. 1C) in the tapping mode. The AFM image of the CDT/Au electrode (image a) shows that CDT molecules are uniformly distributed onto the Au surface (average roughness 0.746 nm, data not shown) resulting in a rough nanoporous structure with an average roughness of 2.82 nm. However, after the co-immobilization of enzymes (Urs and GLDH) the rough nanoporous morphology of the CDT/Au electrode changes into a regular nanoporous morphology (image b) with an average roughness of 4.97 nm revealing that nanoporous morphology of SAM provides a favorable environment for adsorption of Urs and GLDH molecules. Moreover, the average maximum height for the CDT/Au electrode increases from 19.4 to 34.2 nm after enzyme immobilization of Urs and GLDH onto the CDT/Au electrode via electrostatic interactions. The change in average height (dimension) of immobilized enzymes i.e. urease (7.5 nm Â 8.0 nm Â 8.0 nm) 29 and GLDH (6.0 nm Â 4.5 nm Â 4.5 nm) 30 onto the CDT/Au electrode is about 14.8 nm. The electrochemical impedance spectroscopy (EIS) technique measures impedance of the electrode surface as a function of frequency due to variation in interfacial properties of the interface of the electrode. A Faradic impedance spectrum (Nyquist plot) includes a semicircle region observed at higher frequency corresponding to the electron-transfer limited process on the Z 0 axes and is followed by a straight line at 45 to the real axes at lower frequencies revealing the diffusion-limited electron transfer process. The complex impedance can be presented as a sum of the real (Z 0 ) and imaginary (Z 00 ) components that mainly originate from the resistance and capacitance of the cell including ohmic resistance of the solution (R s ), Warburg impedance (Z W ), capacity of the electric double layer (C dl ), and surface electron transfer resistance (R CT ). The modification of the electrode surface results in change in the value of R CT . In the EIS, the semicircle part corresponds to the electron-transfer limited process as its diameter is equal to the electron transfer resistance (R CT ) that controls electron transfer kinetics of the redox probe at the electrode interface. The effect of pH on Urs-GLDH/CDT/Au bioelectrode has been carried out using the CV technique (inset (i), Fig. 2B ). The magnitude of current response of the Urs-GLDH/CDT/Au bioelectrode becomes maximum at pH 7 revealing maximum activity at the pH 7 at which Urs retains its natural structure and is responsible for low detection limit and high sensitivity for urea detection. The results of electrochemical experiments repeated at least 20 times have been found to be reproducible. in the first step of the given biochemical reaction. These NH 4 + ions are coupled with a-KG in the presence of GLDH and NADH that acts as a cofactor that generates L-glutamate and NAD + . NAD + is utilized in the reverse reaction, involving Lglutamate by conversion into a-KG and free NH 4 + via oxidative deamination reaction. The electrons generated during the biochemical reactions are transferred to the CDT/Au electrode via Fe(III)/Fe(IV) redox species resulting in output signal in the form of current.
The calibration curve has been fitted between concentration of urea and the magnitude of anodic peak current (I a ). It is observed that I a value increases linearly (eqn (3)) as urea concentration increases (Fig. 3B ) and can be represented as 
The Urs-GLDH/CDT/Au bioelectrode exhibits linearity as 10-100 mg dl À1 with detection limit as 9 mg dl À1 and a response time of 10 s. The sensitivity of Urs-GLDH/CDT/Au bioelectrode is estimated as 7.5 mA mM À1 cm À2 with the value of regression coefficient as 0.995. The value of the apparent MichaelisMenten constant (K m ) calculated using the Lineweaver-Burk plot (1/I versus 1/[C]), has been found to be 0.57 mM for the immobilized Urs-GLDH/CDT/Au bioelectrode indicating maximal catalytic activity of the enzyme at low substrate concentration.
The shelf-life of the Urs-GLDH/CDT/Au bioelectrode has been monitored by measuring electrochemical current response with respect to time, with a regular interval of 1 week. It is observed that this bioelectrode retains about 90% of the enzymes (Urs and GLDH) activity even after about 10 weeks when stored in refrigerated conditions (4 C) after which the current response decreases to 85% in about 12 weeks.
The effect of interferents onto the Urs-GLDH/CDT/Au bioelectrode has been determined by measuring the current response by adding normal concentration of interferents (Fig. 3C ) like ascorbic acid (0.05 mM), uric acid (0.1 mM), glucose (100 mg dl
À1
) and lactic acid (5 mM) along with urea (1 mM) in phosphate buffer (50 mM, pH 7, 0.9% NaCl) at the same flow rate using a microchannel. The current response remains nearly the same except for uric acid wherein there is an increase of about 8%.
The sensing performance of the Urs-GLDH/CDT/Au bioelectrode based urea biosensor has been summarized in Table 1 along with those reported in the literature.
Conclusions
10-Carboxy-1-decanthiol (CDT) based self-assembled monolayer fabricated onto a patterned Au electrode has been utilized to co-immobilize urease and GLDH for urea detection using the electrochemical technique in PDMS microfluidic channel. It exhibits linearity in the concentration range of 10-100 mg dl À1 , lower detection limit of 9 mg dl À1 , response time of 10 s, and improved sensitivity of 7.5 mA mM À1 cm À2 with the value of regression coefficient as 0.995. This electrochemical microfluidic urea biosensor shows negligible influence of interferents and hence it can be used to detect urea in samples containing other analytes. This CDT-SAM based microfluidic biosensor can be used for estimation other analytes such as glucose, cholesterol, low density, etc. Efforts should be made to investigate dependence of response of the CDT-SAM based microfluidic sensor on various other parameters including flow rate, diffusion coefficient, etc.
Experimental section Materials
All the chemicals namely urease (Urs), glutamate dehydrogenase (GLDH), nicotinamide adenine dinucleotide (NADH), a-ketoglutarate (a-KG), N-hydroxysuccinimide (NHS), ethyl(dimethylaminopropyl) carbodiimide (EDC), and 10-carboxy-1-decanthiol (CDT) have been procured from Sigma-Aldrich(USA). Sylgard 184 is from Dow Corning (Midland, MI, USA). SU-8-100 negative photoresist and SU-8 developer from Microchem (Newton, MA, USA).
Urs (10 mg ml
À1
) and GLDH (1 mg dl
) solutions are freshly prepared in phosphate buffer (50 mM, pH 7). The stock solution The reservoirs are fabricated by punching holes at the ends of microchannels.
Fabrication of patterned working electrodes
A gold (Au) coated glass plate (2 cm Â 3 cm) has been taken. Three patterned electrodes comprising of dimension (0.2 cm Â 2 cm) have been prepared onto the gold plate by rapid marker masking using gold and chrome etchants. 33 The working electrodes modified with CDT-SAM have been used to immobilize urease (Urs) and glutamate dehydrogenase (GLDH) for urea detection. Bare gold (Au) is taken as a counter electrode. A silver wire (0.4 mm dia.) coated with silver chloride (AgCl) layer is taken as a reference electrode (Scheme 1). A sketch of desired pattern is hand drawn over a gold plate with the permanent marker. The ink acts as a mask that protects the gold layer below it from the aqueous acid etchant. The remaining gold is removed by dipping the substrate into gold and chrome etchants (20 s and 10 s, respectively) and is cleaned with acetone and water. The PDMS chip is tightly clamped with the glass substrate containing patterned electrode to ensure leakage-free flow operation (Scheme 1).
Formation of self-assembled monolayer over the CDT/Au bioelectrode
The fabricated patterned gold electrodes are cleaned using a piranha solution (7H 2 SO 4 : 3H 2 O 2 ). The SAM of CDT is formed by immersion of the electrode into a 1 mM ethanol solution of CDT for about 24 h. The SAM modified Au electrodes are rinsed successively with ethanol and water several times and then dried under the stream of nitrogen.
Covalent immobilization of Urs and GLDH onto the CDT/Au SAM electrode
Urs and GLDH are covalently attached to the CDT/Au electrode by activating COOH group of CDT using EDC as the coupling agent and NHS as an activator. The EDC-NHS-activated COOH group binds with the NH 2 group of Urs and GLDH resulting in the formation of a covalent amide bond (CO-NH). For COOH activation, the CDT/Au electrode is first dipped in PBS containing 0.4 M EDC and 0.1 M NHS for about 4 h at room temperature (25 C). Further, 10 ml of bi-enzyme solution containing Urs (10 mg ml
À1
) and GLDH (1 mg ml À1 ) in 1 : 1 ratio {prepared in phosphate buffer (PBS 50 mM, pH7)} is immobilized by uniformly spreading on the activated CDT/Au electrode and is kept for about 6 h. The Urs-GLDH/CDT/Au bioelectrode is then washed with PBS buffer containing 0.05% Tween 20 and is stored at 4 C when not in use.
Instrumentation
Fourier transform infrared (FTIR, Perkin-Elmer, Model 2000) studies have been used for characterization of both CDT/Au electrode and Urs-GLDH/CDT/Au bioelectrode. The hydrophilic/hydrophobic nature of the CDT/Au electrode and the Urs-GLDH/CDT/Au bioelectrode has been tested by contact angle (Model OCA 15EC, Dataphysics instruments Gmbh, Germany) using deionized distilled water. The surface morphologies of fabricated CDT SAM and immobilization of Urs-GLDH onto CDT SAM have been investigated using atomic force microscopy (AFM, Veeco, Nanoscope Model). Electrochemical studies such as cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) have been performed within the microfluidic chip containing the patterned CDT/Au electrode and Urs-GLDH/CDT/Au bioelectrode that have been connected to Autolab, Potentiostat/Galvanostat. The solution comprises of PBS (pH 7) containing a-KG, NADH and urea of different concentrations that are separately prepared in vials and then injected into the microchannels under continuous flow using the syringe pump during the measurements. The electrochemical response studies have been conducted under a continuous solution flow using a syringe pump (Harvard apparatus, PHD 2000) at a constant flow rate of 20 ml min
À1
.
